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Abstract 
The outdoor water use of residential properties is a major contributor to the seasonal fluctuation of the overall water use of 
these properties. The outdoor water use components were mathematically defined and combined to develop an outdoor water 
use model. The parameters that formed part of the mathematical outdoor water use model were formulated from data 
available for residential estates, where conditions such as types of vegetation, irrigated area and size of pool could be 
prescribed a home owners association or local authority. The data used to populate the model parameters was derived from 
aerial photography and contingent valuation methods. 
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1. Introduction 
Outdoor water use presents a combination of seasonal and behavioural aspects that are more difficult to 
predict than indoor end-use events [1]. These hurdles are likely to be addressed more often in future, as more 
detailed information and high resolution data becomes readily available. 
Outdoor use, including irrigation and the evaporation from pools and other water features is the main 
contributor to seasonal fluctuation in water use. The seasonal fluctuation in water use is typically a function of 
the outdoor water use, where indoor water use is typically non-seasonal [2]. Roberts [3] recorded end-use data 
for two weeks in summer and two weeks in winter at 840 residential customers in the Yarra Valley, in Victoria, 
Australia. Roberts [3] reported that the seasonal end uses collectively made up 32% of the total use during the 
summer logging period. Seasonal end-uses were defined because the fluctuations in water use as a result of 
seasonal change in factors such as temperature, rainfall, snowfall and humidity. During the winter period, these 
seasonal end-uses could not be identified [3].  
As part of the same study by Roberts [3] billing data was investigated. The results indicated that seasonal use 
could account for 25.4% of the total annual residential use, where garden irrigation was estimated to account for 
87.3% of the total seasonal use [3]. In comparison Veck and Bill [4] reported in a contingent valuation study that 
outdoor use contributed 19% to the total use in the Alberton area in South Africa, of which 74% consisted of 
garden irrigation. The seasonal fluctuation in water use is typically a function of the outdoor water use, where 
indoor water use is typically non-seasonal [2]. 
This study quantifies the outdoor water use parameters that relates to properties located in residential estates, 
where vegetation areas, vegetation types and pool size often controlled by the estate regulations.  
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2. Description of Parameters 
For the purposes of conducting the analyses and comparison with the stochastic simulations, data had to be 
sourced from existing residential properties. The data was also generated by based on known parameter 
distributions. The data required in order to perform the analyses is summarised in Table 1.  
Table 1 : Estate characteristics 
Water use: Behavioural aspects Geometrical information 
Climatological 
information: 
Total water use data of existing 
properties recorded monthly 
Irrigation 
methods 
Property sizes of typical 
residential estates Precipitation 
Outdoor water use of the properties for 
comparison purposes 
Irrigation 
efficiency The area under irrigation Evaporation 
 
Pool filter 
maintenance 
The surface area of water 
features and pools 
Evapotranspiratio
n. 
  Types of vegetation  
The data used in this study was collected from various sources using different methods which will be covered 
in the sub sections hereunder. Section 3 describes the proposed outdoor water use model; Section 4 describes a 
data collection methodology and Section 5 describes the typical parameter results that pertains a this study. 
3. Proposed outdoor water use model 
The model parameters are populated in a distribution format that enables the @Risk software to use the Monte 
Carlo method to sample various combinations of values for each parameter and then run multiple iterations of the 
mathematical model. The results of all the iterations could then be evaluated Monte Carlo simulation software to 
return the most likely solution for the mathematical model. 
The proposed mathematical model and the parameters that were used in the development of this model are 
listed below and described in the subsections that follow [5]. 
ܳ௢௨௧ௗ௢௢௥ ൌ ܣ௜ ா೟೚ൈ௄್೎Ȃ௉ೝൈி೐೛ூ೐ ൅ ܨ௣௢൫ܣ௣ ൈ ൫ܧ௪Ȃ ௥ܲ൯ ൅ ܦௗ ൈܣ௣ ൈ ܱ௠൯ (1)
 
Where, 
 
Qoutdoor = Outdoor water use 
Ai  = The area of a property that is under irrigation.  
Eto  = Evapotranspiration 
Kbc  = Crop coefficient 
Pr = Measured precipitation 
Fep = Effective precipitation factor 
Ie = Irrigation efficiency  
Ap  = The surface area of a pool or water feature.  
Ew  = Evaporation rate of water in a specific location (Including pan factor) 
Pr = Measured precipitation  
Dd = The water level difference after performing a maintenance cycle 
Ap  = The surface area of a pool or water feature.  
Fpo = Pool ownership factor 
Om = The occurrence of pool maintenance per calendar month. 
The various physical parameters were based on the analyses of geometrical measurements taken from Estate 
A’s cadastral layout and aerial photographs taken of the estate in 2009 and supplemented by online lower 
resolution imagery photographs taken in 2012. Further analyses of these aerial photographs are being conducted 
to automate the process of disaggregating the surface area of the vegetation, pools, and buildings using remote 
sensing technology imbedded in GIS software [6]. 
The behavioural parameters such as irrigation efficiency, water level drawdown during backwash and monthly 
occurrence of backwash were determined from a contingent valuation survey and a questionnaire email. The 
climatic information was obtained from the SAPWAT and CLIMWAT data basis which contains more than 50 
years of climatic data 
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4. Data Collection Methodology 
4.1.  Water use 
Water use data from three similar residential estates located in South Africa were analysed. For the purposes 
of this study the estates were called Estate A, Estate B and Estate C. The estates were selected for this study 
based on the following characteristics summarised in Table 2: 
Table 2 : Estate characteristics 
Description Estate A Estate B Estate C 
Type of estate Polo field estate Golf course estate; Vineyard estate 
Total size of estate 150 ha 160 ha 80 ha 
Number of 
properties 
550 properties of which 
150 are built-up 
500 properties of which 
390 are built-up 
There are 100 properties of 
which 23 is built-up 
Average size of the 
properties 818 m2  660 m2 1270 m2 
The total water use records of the properties were obtained from meter readings taken at the relevant estates 
by meter reading consultancies, by means of physical meter reading, online based automatic meter reading tools 
and data loggers. Table 3 summarises the methods used for obtaining the data.  
Table 3 : Water use data source methods 
Location Data Source Method 
Estate A Online based automatic meter reading tool that records readings on a weekly frequency 
Estate B & Estate C Manual meter readings on a monthly basis 
Housing Groups in USA 
Data loggers from REUWS database recorded water 
use on a 10 second frequency at 12 study sites. The 
data was recorded for two weeks during summer and 
two weeks during winter for each house 
4.2. Behavioural Aspects 
The behavioural aspects of outdoor water use can be attributed to the various schools of knowledge in terms 
of irrigation operation, pool replenishment and filter maintenance. In order to capture the human behavioural 
impact of these behavioural aspects a consumer survey was conducted at 105 houses located in residential 
estates. The survey questions and results are summarised in Table 4. The survey dealt with the following aspects 
of irrigation-use and pool-use that are relevant to this study:  
x Method of irrigation; 
x Operation time of irrigation; 
x Frequency of use; and 
Number of pool or water features on a specific estate. Homeowners with pools independent of the sample 
summarised in table 3 were contacted to verify the parameters obtained from the research of Jacobs [7], into pool 
filtration operation. The questions that were asked included the following: 
x How often do you do filter maintenance (including backwash and rinsing), in summer and winter? 
x What is the method/process used to do the maintenance? 
x Approximately how long in pumping minutes does it take to complete the process? 
x What is the approximate size of your pool? 
The objective of these interviews was to verify the volume and frequency of pool filter maintenance by typical 
homeowners who own pools. 
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Table 4 : Summary of irrigation behaviour survey results 
Questions Response options Results of responses 
1. What is your erf number?  Open ended response 105 Respondents completed the survey 
2. What method do you use 
to water your garden?  
Hose pipe, micro-
sprayer or drip 
irrigation 
Hose pie: 10%; micro-sprayer: 91%; 
drip irrigation: 15% (total is more than 
100% as there are combinations) 
3. Is your irrigation system 
automated or manual?  
Automated or 
manual Automated: 96%; Manual 4% 
4. During the summer 
months, when you are at 
home, how many times per 
week do you water your 
garden? 
Daily, once two, 
three, four, five, 
six 
Daily 54%; Six times/week: 1%; Five 
times/week: 10%; Four times/week: 
17%; Three times/week: 16%; 
Twice/week: 1%; on average 5.57times 
per week 
5. During the winter, when 
you are at home, how many 
times per week do you water 
your garden? 
Daily, once two, 
three, four, five, 
six 
Daily 1%; Four times/week: 5%; Three 
times/week: 6%; Twice/week: 1%; on 
average 0.84 times/ week 
6. What is the average length 
of your irrigation cycle (i.e. 
watering your whole 
garden)? 
0-20min,  
21-40min,  
41-60min,  
61-80min,  
81-100min,  
101-120min 
On average between 51.5 minutes 
7. At which time of day do 
you normally start watering 
your grass/garden?  
Open ended 
response 
When watering in the morning the 
average start time is 5:16 am (92% of 
respondents) and when watering in the 
evening the average is 5:15 pm (8% of 
respondents) 
8. Do you have a swimming 
pool/water feature? Yes or no 
79% of respondents indicated that they 
have a pool or a water feature. (Note: 
only 51% was recorded from online 
lower resolution imagery images, it is 
suspected that small water features 
were not recognisable on the imagery, 
and was thus omitted because of their 
insignificance) 
4.3. Geometrical information 
Geometrical information measured from 89 of the properties in Estates A were analysed. Measurements were 
taken from cadastral information and from scaled online lower resolution imagery photographs available for these 
properties. The surface areas of the vegetated areas, pools and property boundaries were drawn, and measured using 
AutoCAD. Of the 89 properties, high resolution aerial photographs of 8 of the properties were available (See Figure 
1). The online lower resolution imagery information was correlated with coordinated aerial photographs and found 
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to have an average accuracy of 92% and simulated accordingly with the model. Using remote sensing technology to 
disaggregate the colour ranges of types of vegetation the surface areas could be measured automatically over a large 
number of properties [6]. 
 
 
Figure 1 : High resolution aerial photograph geometrical analyses 
4.4. Types of vegetation and crop coefficients 
From the architectural guidelines [8] and the common crop factors of the plants used on properties in residential 
estates, it was found that the crop coefficients for gardens were generally similar to those of the generic grass type 
crop coefficient (Kbc = 1). 
A factor of uncertainty was built into the model for this parameter to accommodate the various different 
vegetation types that could be found on these types of estates. In the future planning of residential estates the 
developers could specify crops with coefficients in a specified band within which property owners would be allowed 
to choose the plants for their gardens. This would considerably improve the confidence levels of the simulations that 
are used to estimate the outdoor water use, in relation to the ultimate actual water use. 
4.5. Climatologic information 
For the purposes of this report, the average precipitation and evapotranspiration figures were extracted from the 
SAPWAT software [9]. The SAPWAT software contains data from weather stations located in South Africa as well 
as the rest of the world. As part of the SAPWAT development [9], data of weather stations located outside of South 
Africa was adopted from the CLIMWAT database. The data exported from the SAPWAT software as part of this 
research a monthly temporal scale.  
5. Typical parameter descriptions 
5.1. Evapotranspiration and precipitation 
The SAPWAT software was used to collect the evapotranspiration and precipitation data for the estate’s and 
North American Cities respectively. Figure 2 and Figure 3 illustrate the collected data used in the development of the 
various model simulations. Note that precipitation includes rainfall and snowfall data. 
Plot Size 
Turf Area 
Non-Turf Plants 
Area 
Pool Area 
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Figure 2 : Combined average Evapotranspiration parameter plot 
 
 
Figure 3 : Combined average Evapotranspiration parameter plot 
5.2. Evaporation 
The A-pan evaporation data for the North American locations was published by Farnsworth and Thompson [10]. 
The evaporation measurement stations were all within a 50 km range of the central business district of these 
towns/cities. In the work by Farnsworth and Thompson [10] the pan evaporation was multiplied by a pan factor of 
0.7 to obtain free lake evaporation. 
The pan evaporation data of the Estates addressed in this report were sourced from Department of Water Affairs 
[9], the data-set is populated from the WR90 study conducted by Midgley et al. [11]. Average A-Pan monthly values 
were calculated, and as with the above data, multiplied by a factor of 0.7 to obtain the free lake evaporation. The bar 
graph in Figure 4 illustrates the converted lake evaporation data. 
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Figure 4 : Combined average Evaporation parameter plot 
5.3. Effective precipitation factor 
The effective precipitation factor (Fep) is based on the effective rainfall factor described by Midgley et al. [11]. 
The main difference is that precipitation also takes snowfall into consideration. Middleton & Bailey, [12] presented 
an effective rainfall factor of 0.75 which was adopted for this study. This factor usually excludes snowfall, however, 
for the purposes of this study the factor was applied to total precipitation. 
5.4. Irrigation efficiency 
Irrigation efficiency is a factor that is applied to the theoretical irrigation water use calculation, to compensate for 
the actual irrigation application rate that is applied by irrigation operators. The basic equation below describes this 
factor: 
ܫ௘ ൌ ொ೎ೝ೚೛ொೌ೎೟ೠೌ೗ (2) 
 
Where, 
Ie = Irrigation efficiency  
Qcrop = Theoretical crop requirement 
Qactual = Actual irrigation use. 
 
Irrigation efficiency is usually an indication of under/over irrigation. Should the Ie < 100%, it is an indication of 
over irrigation, whereas if Ie > 100% it is an indication of under irrigation. 
Metered data of the Qactual was not available for analyses in this study. It is possible to estimate Qactual by 
considering the expected flow rate from sprinklers. The raw data collected from a contingent evaluation survey 
conducted by Aurecon was analysed to estimate the actual flow rate. In the survey, the following questions that 
pertain to actual irrigation were asked to 105 homeowners: 
x Which method do you use to water your garden? 
· To which 97% of people answered that they used automated Micro-sprayer irrigation systems 
x During summer, how many times per week do you irrigate your garden? 
· On average homeowners irrigate their gardens 5.6 events per week. 
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·  
x During summer, what is the average length of an irrigation cycle, for example watering your whole garden? 
· The average irrigation operation time was indicated as 42 minutes and 61 minutes per event. For comparison 
purposes, the maximum time of irrigation for each household was used to calculate the actual summer peak 
irrigation use. 
Garden irrigation is often designed by a landscape designer using the guidelines provided by an irrigation 
hardware manufacturer. Hunter Industries and Rainbird Irrigation are two of the most common brands in the local 
residential irrigation environment. Both of these manufacturers have standard specifications listed on their website. 
The typical irrigation performance specifications of two standard residential rotor sprayer heads from the two 
manufacturers are summarised in Table 5 below. 
Table 5 : Typical sprayer performance specifications 
 Pressure (b) Application radius (m) Flow Rate (ℓ/min) 
Hunter 3.45 10.4 16.3 
Rainbird 3.45 10.8 12.3 
Average 3.45 10.6 14.6 
 
Sprinkler systems are usually separated into irrigation zones, and these zones will normally operate individually 
to allow for sufficient pressure at the sprayer heads. It could be assumed that there is sufficient pressure available in 
the pipes to allow for the operation of 5 irrigation sprayers per zone. In order to estimate a flow rate, a system 
pressure had to be assumed, because flow rate is a function of pressure. Assuming a pressure of 3.45 bar with an 
average flow rate at 14.6 ℓ/min per sprayer, operating five sprayers at a time will result in be 71.5 ℓ/min per zone 
(Qz). The following equation could be derived to calculate the actual summer monthly irrigation water use (Qactual): 
ܳ௔௖௧௨௔௟ ൌ ଷଵொ೥்ா೛ೢ଻  (3) 
 
Where, 
Qz  = Flow rate per irrigation zone 
T  = Time per irrigation event 
Epw  = Events per week. 
The theoretical crop requirement (Qcrop) was calculated using the following equation: 
ܳ௖௥௢௣ ൌ ܣ௜ሺܧ௧௢ ൈ ܭ௕௖Ȃ ௥ܲ ൈ ܨ௘௣ሻ (4) 
Where, 
Ai  = The area of a property that is under irrigation.  
Eto  = Evapotranspiration 
Kbc  = Crop coefficient 
Pr  = Precipitation  
Fep = Effective precipitation factor 
The irrigation efficiency was determined for each property in Estate A which had participated in the survey. 
5.5. Irrigated area 
The properties were classified in separate property size classes. Each of the properties in these classes could have 
different relative irrigation areas often depicted as a percentage of the total property area. Online lower resolution 
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imagery in conjunction with AutoCAD software, was used to measure all the landscaped areas of the 89 properties 
analysed on Estate A.  
The potential irrigated areas were listed against the total property areas. The percentage of irrigated areas was 
calculated by dividing the irrigated area by the total surface area. Hereafter, the data was sorted according to total 
property size and separated into the proposed property size classes. The percentage of irrigation area versus 
frequency of occurrence was calculated and fitted with probability distribution functions. 
The results from the automatic disaggregation of the vegetated areas will be compared with the areas measured 
using AutoCAD software to determine the accuracy  
5.6. Crop coefficient 
Upon investigation of the landscaping guidelines of security estates, it was detected that the crop coefficients of 
the allowable crops on the site vary between 0.65 and 1, with 0.8 (grass) being the most likely. A triangular 
distribution was selected for its robustness and simplicity.  
A high resolution aerial photograph from 2009 of Estate A displayed 13 properties where construction was 
complete. On average, the grass cover of these properties was 76% and the trees, shrubs, and other plants constituted 
24%. This indicates that the probability that grass will be planted 3.14 times higher than the probability that trees, 
shrubs and other plants will be planted.  
Limited information was available of the behavioural aspects of garden layouts. The in-depth investigation of this 
parameter could, in future, form part of extension of this study. 
5.7. Pool Surface Area and Pool Ownership Factor 
The imagery from online lower resolution imagery was used to determine the surface area of pools at properties if 
they have pools. It was determined that 51% of properties had pools and their surface areas varied between 7 m2 and 
30 m2. The 51% was applied to the Monte Carlo simulations as a fixed pool ownership factor (Fpo). As with the 
vegetation the results from the AutoCAD software measurements will be compared to the automatic disaggregation 
exercise conducted in GIS software.  
5.8. Pool maintenance occurrences and water level drawdown 
A questionnaire was distributed to seven independent homeowners known to have pools. The questions that were 
asked and the related answers are tabulated in the Table 6. 
 
Table 6 : Pool maintenance questionnaire results 
  
How many times 
per month do you 
backwash/ rinse 
your pool in 
summer? 
How many times 
per month do you 
backwash /rinse 
your pool in 
winter? 
How long in 
minutes does your 
pump operate 
during this cycle? 
(min) 
What is the 
surface area of 
your pool? (m2) 
Mean 3.43 1.86 2.46 18.54 
Minimum 1.00 0.00 0.75 12.50 
Maximum 8.00 3.00 3.00 24.50 
Median 3.00 2.00 2.50 17.50 
Standard deviation 2.19 0.99 0.74 4.52 
In order to obtain the amount of pool drawdown per maintenance event it was necessary to research the standard 
pool pump operating flow rate. According to the specifications the standard Whirlpool model STP50 pool pump had 
a flow rate of 210 ℓ/min. The pool level drawdown could be calculated by multiplying the flow rate by the amount of 
operational time divided by the pool surface areas. 
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6. Conclusions 
The proposed outdoor water use model was developed using a combination of parameters successfully 
implemented in various industries including agriculture, water resource management and irrigation etcetera. Taking 
cognisance of the laborious task of measuring surface areas by hand, the implementation of remote sensing 
technology offered by GIS software are essential to automate the disaggregation of vegetation, pool and building 
footprint areas. 
The typical data used to describe the parameters that pertains to the outdoor water use model could be used to 
compare with the results obtained from the automatic colour disaggregation results received from future analyses of 
aerial photographs. These parameter values performed well in the initial stages of the development and analyses of 
the outdoor water use model. 
The parameters were be populated in terms of probability distribution functions as per the outdoor water use 
model presented by Du Plessis and Jacobs [5]. Further developments of the input parameters will form part of future 
studies and will be published as part the Monte Carlo simulation results of the model in a future paper. 
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